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ELRYLVXDOL]DWLRQ WLVVXH HQJLQHHULQJ DQG RWKHUV >@ 1XPHURXV VWXGLHV LQ WKH ILHOG RI PHWKRGV RI V\QWKHVLV RI
GLDPRQGV DUH DLPHG WR VLPSOLI\LQJ DQG UHGXFLQJ WKH FRVW RI WHFKQRORJLHV RI VXSHUKDUG PDWHULDOV SURGXFWLRQ IRU
PRGHUQ LQGXVWU\ 'LUHFW WUDQVIRUPDWLRQ RI JUDSKLWH LQWR GLDPRQG LV RQH RI WKH PRVW NQRZQ VWUXFWXUDO SKDVH
WUDQVLWLRQV LQ FRQGHQVHGPDWWHU SK\VLFV %XW WKHPDLQPHFKDQLVP RI WKLV WUDQVIRUPDWLRQ LV QRW IXOO\ XQGHUVWRRG
GHVSLWHGHFDGHVRIH[SHULPHQWDODQGWKHRUHWLFDOVWXGLHV7KHSUHVHQFHRIFDUERQDWRPVLQYDULRXVK\EULGL]HGVWDWHV
SURYHV WKH SRVVLEOH H[LVWHQFH RI OHVV VWXGLHG FDUERQ IRUPV ZLWK YDULRXV HOHFWURQLF DQG PHFKDQLFDO SURSHUWLHV
7KHUHIRUHWKHLQWHUHVWLQVHDUFKLQJQHZIRUPVRIFU\VWDOFDUERQKDVEHHQJURZLQJIRUWKHUHFHQW\HDUV
1XPHURXV FDOFXODWLRQV DQGPRGHOLQJZRUNV VKRZ H[LVWHQFH RI YDULRXV K\SRWKHWLF IRUPV RI FDUERQ VWUXFWXUHV
VXFK DV EFWɋɄɆɇ5 6Ɍ:=FDUERQ DQGRWKHUV >@7KHVH VWUXFWXUHV DUH WKHPRVW LPSRUWDQW
HOHPHQWIRUVROYLQJWKHDJHROGFKDOOHQJHRIXQGHUVWDQGLQJWKHSKDVHWUDQVIRUPDWLRQRIJUDSKLWHLQWRGLDPRQGXQGHU
KLJKSUHVVXUHDQGKLJKWHPSHUDWXUH7KHVWXG\RIWKHVRFDOOHG0FDUERQWDNHVDVSHFLDOSODFH7KHDUWLFOH>@GHDOV
ZLWKDPRQRFOLQLFVWUXFWXUHZLWK&PV\PPHWU\DVD ORZHQHUJ\SRO\PRUSKZKLFKLVPRUHSURILWDEOHXQGHU WKH
SUHVVXUHRIPRUHWKDQ*3D7KLVFU\VWDOFDUERQIRUPDQGGLDPRQGFDQEHFRPSDUHGE\WKHLUKDUGQHVV(DUOLHU
PRQRFOLQLFVWUXFWXUHVZHUHREWDLQHGE\JHQHUDWLQJPRUHFRYDOHQWERQGVEHWZHHQWKHJUDSKLWHOD\HUVLQFRQGLWLRQVRI
KLJKSUHVVXUH$FFRUGLQJWRWKHFDOFXODWLRQVLQ>@WKHVWUXFWXUH&PFDUERQLVG\QDPLFDOO\VWDEOHDWSUHVVXUHIURP
 WR*3D,QDQ\FDVH WKHV\QWKHVLVRIQHZFDUERQIRUPVUHTXLUHV WKHFUHDWLRQRIFRQGLWLRQVXQGHUZKLFK WKH
IRUPDWLRQRIWKHHQHUJHWLFDOO\PRUHDGYDQWDJHRXVVWUXFWXUHVFDQQRWEHUHDOL]HG7KHDFWLRQRIXOWUDVKRUWODVHUSXOVHV
DW ORZWHPSHUDWXUHV LVDPHWKRG WKDW LVDEOH WRSURYLGHVXFKFRQGLWLRQV7KHVHWRISURFHVVHV WKDWRFFXUXQGHU WKH
DFWLRQRIIHPWRVHFRQGODVHUUDGLDWLRQPDNHVLWSRVVLEOHWRDFWLYDWHWKHPHFKDQLVPRIIRUPDWLRQRIFDUERQVWUXFWXUHV
)RUH[DPSOHRQHRIWKHZD\VRIREWDLQLQJWKHJUDSKHQHVWUXFWXUHVLVWKHPHWKRGRIODVHULQGXFHGH[IROLDWLRQRI
JUDSKLWHLQWKHOLTXLGQLWURJHQPHGLXPZLWKWKHXVHRIXOWUDVKRUWODVHUSXOVHV>@,QWKLVFDVHWKHUHLVWKHSRVVLELOLW\
RI IRUPDWLRQ RI JUDSKHQH VWUXFWXUHV RI WKH WZR W\SHV 7KH ILUVW W\SH LV DPXOWLOD\HU JUDSKHQH VKHHWV DQG OHQJWK\
ULEERQZKLFKFDQEHXVHGLQGHYLFHVRIQDQRRSWLFV7KHVHFRQGW\SHLVWKHFUXPSOHGJUDSKHQHZKLFKLVSUHIHUUHGIRU
XVH LQ GHYLFHV RI HQHUJ\ FRQYHUVLRQ DQG VWRUDJH 7KH FRQVLGHUHG PHWKRG DOORZV WR LQFUHDVH WKH SURGXFWLYLW\ RI
SURGXFLQJRIJUDSKHQHE\VHYHUDORUGHUVRIPDJQLWXGHFRPSDUHGWRRWKHUODVHUH[SHULPHQWV>@)XUWKHUPRUHWKH
XVHRIOLTXLGQLWURJHQDVWKHEXIIHUPHGLXPPD\FDXVHDVSDWLDOPRGXODWLRQRIWKHODVHULQWHQVLW\7KLVHIIHFWOHDGVWR
WKHIRUPDWLRQRIRUGHUHGPLFURDQGQDQRVWUXFWXUHVRQWKHVXUIDFHRIWKHLUUDGLDWHGPDWHULDOV
([SHULPHQWDO6HWXS
6FKHPH RI WKH H[SHULPHQWDO VHWXS IRU JHQHUDWLQJ FDUERQ VWUXFWXUHV LV VKRZQ LQ ILJ  7R SURGXFH FDUERQ
VWUXFWXUHVZHXVHG7L6DSSKLUHIHPWRVHFRQGODVHUV\VWHP1ZLWKIROORZLQJSDUDPHWHUVȜ QPĲ IVI N+]
3DYJ P:%\PHDQVRISHULVFRSH2WKHRXWSXWODVHUUDGLDWLRQZDVSXWLQWRJDOYDQRVFDQQHU3HQDEOLQJWRWUHDWWKH
VDPSOHVXUIDFHDWWKHUHTXLUHGVSHHG7KHGLDPHWHURIWKHODVHUEHDPRQWKHVXUIDFHRIWKHVDPSOHZDVDERXWP
WKHLQWHQVLW\RIODVHUUDGLDWLRQZDVXSWRā:FPDQGKDGGLVWULEXWLRQFORVHWR*DXVVLDQ7KHFDUERQVDPSOH5
ZDVPRXQWHGLQDQRSHQFU\RVWDW4/DVHUWUHDWPHQWRIWKHVDPSOHVXUIDFHZDVFDUULHGRXWDIWHUWKHUPDOVWDELOL]DWLRQ
RIV\VWHPVDPSOHFU\RVWDWLQPXOWLSXOVHPRGH+LJKO\RULHQWHGS\URO\WLFJUDSKLWH+23*DQGJODVV\FDUERQZHUH
XVHGDVPDWHULDOVIRUH[SHULPHQWDOVDPSOHV


)LJ6FKHPHRIWKHH[SHULPHQWDOVHWXSIRUJHQHUDWLQJFDUERQVWUXFWXUHV
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5HVXOWVDQGGLVFXVVLRQ
7KHUHVXOWVRI ODVHUDFWLRQRQ WKHFDUERQ WDUJHWVZHUHVWXGLHGRQ WKHEDVLVRI WKH LPDJHVREWDLQHGE\PHDQVRI
VFDQQLQJ HOHFWURQPLFURVFRSH 6(04XDQWD  ' 6(0LPDJHV RI WKH VXUIDFH RI WUHDWHG VDPSOHV HQDEOHG WR
GHWHUPLQH WKH VL]H RI WKH REWDLQHG FU\VWDOV DQG QDQRVWUXFWXUHV $QDO\VLV RI 6(0LPDJHV GHPRQVWUDWHG WKDW WKH
PRUSKRORJLFDO FKDUDFWHULVWLFV RI WKH REWDLQHG VWUXFWXUHV DUH GHSHQGHQW RQ SRZHU RI ODVHU UDGLDWLRQ 7KXV WKH
LQWHQVLW\RIWKHODVHUH[SRVXUHGHWHUPLQHVWKHVFHQDULRRIWKHIRUPDWLRQRIFDUERQVWUXFWXUHV
7KH ODVHU WUHDWPHQW UHVXOWV LQ WKH IRUPDWLRQ RI VLPLODU QDQRVWUXFWXUHV RQ WKH VXUIDFH RI WKH ERWK XVHG LQ
H[SHULPHQWV PDWHULDOV +23* DQG JODVV\ FDUERQ +RZHYHU WKH TXDOLW\ RI RUGHUHG ODVHULQGXFHG DUUD\V RI
QDQRSHDNV RQ WKH VXUIDFH RI WKH JODVV\ FDUERQ LV VLJQLILFDQWO\ EHWWHU 7KH DUUD\V RI QDQRVWUXFWXUHV ZLWK WKH
FKDUDFWHULVWLFVL]HVIURPQPWRQPZHUHREWDLQHGRQWKHVXUIDFHRIS\URO\WLFJUDSKLWHDWSURFHVVLQJE\ODVHU
UDGLDWLRQ+RZHYHUDUUDQJHPHQWRI WKHVHQDQRVWUXFWXUHVFDQQRWEHFRQVLGHUHGDVRUGHUHG7KLV LVGXH WR WKHIDFW
WKDWDVLQJOHOD\HURIJUDSKLWH+23*VWUXFWXUDOFRPSRQHQWLVQRWDEOHWRIRUPWKHEDVLVRIQDQRVWUXFWXUHGDUUD\V,W
LVGHVWUR\HG1XPHURXVGLVFRQWLQXLWLHVDQGSRUHVDULVHILJVLQJOHDUURZ,WVKRXOGEHPHQWLRQHGWKDWWKHHGJHV
RIGLVFRQWLQXLWLHV DQGSRUHVKDYH WKH WUDFHVRIPHOWEDFN ILJ WKHGRXEOHDUURZ0HOWHGQDQRVWUXFWXUHV IRUPD
OLQHDUVWUXFWXUHVLI WKHJDSRIWKHVXUIDFHOD\HUFRLQFLGHVZLWKWKHERXQGDU\RIDVLQJOHURZRIWKHDUUD\RIFDUERQ
QDQRSHDNV6XFKVWUXFWXUHVDUHRIWHQHQRXJKUHJLVWHUHGRQWKHVXUIDFHRISURFHVVHGE\DODVHUUDGLDWLRQVDPSOHV


)LJ6(0LPDJHRIDUUD\RIFDUERQQDQRVWUXFWXUHVRQWKHVXUIDFHRI+23*6LQJOHDUURZLQGLFDWHVWKHSODFHRIIRUPDWLRQRIWKHSRUHDQGWKH
GRXEOHDUURZLQGLFDWHVWKHSODFHRIIRUPDWLRQRIOLQHDUVWUXFWXUHVZKLFKZHUHIRUPHGRIIXVHGQDQRVWUXFWXUHV
&RPSDULVRQ RI WKH UHVXOWV RI SURFHVVLQJ E\ ODVHU UDGLDWLRQ +23* DQG JODVV\ FDUERQ LQ WKH OLTXLG QLWURJHQ
PHGLXP VKRZV WKDW WKH XVH RI WKH ILUVW PDWHULDO LV SUHIHUDEOH IRU JHQHUDWLQJ VPRRWKHU DQG WKLQQHU JUDSKHQH
VWUXFWXUHV ,W LV REYLRXV WKDW LQ WKLV FDVH WKH GHFLVLYH UROH LV SOD\HG E\ WKH LQWHUQDO VWUXFWXUH RI WKH LUUDGLDWHG
PDWHULDOV
&KDUDFWHULVWLF VWUXFWXUH RI +23* HQDEOHG WR UHYHDO WKH IDFW ZKLFK LV QRW DSSDUHQW XQGHU ODVHU JODVV\ FDUERQ
SURFHVVLQJGXHWRWKHSUHVHQFHLQLWVVWUXFWXUHRIDODUJHDPRXQWRIDPRUSKRXVFRPSRQHQW&DUERQQDQRVWUXFWXUHVLQ
WKH IRUP RI QDQRSHDNV DQG WKRVH VLPLODU WR WKHP DUH UHJLVWHG RQ WKH WDUJHW VXUIDFH ZKLFK KDV UHOHDVHG GXH WR
H[IROLDWLRQRIWKHVXUIDFHOD\HUV7KHODUJHREMHFWVZLWKREYLRXVFU\VWDOOLQHVWUXFWXUHZHUHDOVRIRXQGILJ7KH
IRUPDWLRQRIVXFKVWUXFWXUHVFDQQRWEHDVVRFLDWHGZLWKWKHUHVRQDQW LQWHUDFWLRQRI WKHLQFLGHQW ODVHUUDGLDWLRQDQG
ODVHULQGXFHG VXUIDFH HOHFWURPDJQHWLF ZDYHV XVXDO PHFKDQLVP RI V\QWKHVLV RI VXUIDFH QDQRVWUXFWXUHV DW
IHPWRVHFRQGODVHUSURFHVVLQJRIPDWHULDOV

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)LJ6(0LPDJHVRIWKHFDUERQFU\VWDOOLQHVWUXFWXUHVZKLFKZHUHV\QWKHVL]HGDWUHVXOWIHPWRVHFRQGODVHUSURFHVVLQJ+23*
7KH FKHFN RI WKH HOHPHQWDO FRPSRVLWLRQ RI UHJLVWHUHG FU\VWDOOLQH VWUXFWXUHV E\ PHDQV RI V\VWHP RI HQHUJ\
GLVSHUVLYH;UD\PLFURDQDO\VLVVKRZHGWKHDEVHQFHRIDQ\RWKHUHOHPHQWVH[FHSWFDUERQ7KHIRUPRIFU\VWDOVILJ
D FRUUHVSRQGV WR PRQRFOLQLF V\VWHP0RQRFOLQLF FDUERQ EHORQJV WR WKLV FU\VWDOORJUDSKLF JURXS > @ $ PRUH
GHWDLOHGVWXG\RIWKHLUUDGLDWHGVXUIDFHE\WKHVFDQQLQJHOHFWURQLFPLFURVFRSHUHYHDOHGFDUERQFU\VWDOVWUXFWXUHVRI
YDULRXV IRUPV HJ ILJ E 7KH UHJLVWHUHG VWUXFWXUHV KDYH WKH GLPHQVLRQV RI WKH RUGHU ·PLFURPHWHUV 7KH
YDULHW\RIFDUERQFU\VWDOIRUPVLVVRJUHDWWKDWVRPHUHVHDUFKHUVFRPELQHWKHPLQWRRQHJURXSXQGHUWKHQDPH³QHZ
GLDPRQGV´QGLDPRQG>@RUKRZZHFDOOHGWKHP³DEUDPHWH´
7KHV\QWKHVL]HGVWUXFWXUHVZHUHDSSDUHQWO\FU\VWDOOL]HGIURPWKHOLTXLGSKDVHZKLFKFDQRQO\EHSUHVHQWHGE\WKH
PROWHQJUDSKLWHLQWKHRYHUKHDWHGVXEVXUIDFHOD\HU
7KHQHFHVVDU\SUHVVXUHLVSURYLGHGE\WKHVKRFNZDYHLQLWLDWHGE\WKHDFWLRQRIIHPWRVHFRQGODVHUUDGLDWLRQWRWKH
WDUJHW VXUIDFH7KH XOWLPDWH EUHDNLQJ VWUHQJWK RI JUDSKLWH LV *3D ,W LV REYLRXV WKDW WKH VHSDUDWLRQRI D WKLFN
VXUIDFHOD\HULVWKHUHVXOWRIPHFKDQLFDOVWUHVVHVSURYLGHGE\WKHSUHVVXUHZKLFKLVDWOHDVWQRWOHVVRIWKHXOWLPDWH
EUHDNLQJVWUHQJWK7KHWULSOHSRLQW³JUDSKLWHOLTXLGVWHDP´RIWKHFDUERQSKDVHGLDJUDPFRUUHVSRQGVWRSUHVVXUH
03DDWWKHWHPSHUDWXUH.7KXVWKHDERYHPHQWLRQHGSUHVVXUHWKHRUGHURIDWPFRUUHVSRQGVWRFHQWUDO
SDUWRIUHJLRQRIWKHOLTXLGFDUERQLQSKDVHGLDJUDP(VWLPDWHVVXJJHVWWKDWDFWLRQRIIHPWRVHFRQGODVHUUDGLDWLRQWR
VXUIDFHRIVROLGVWDWHLQLWLDWHVSUHVVXUHVDWWKHIURQWRIWKHVKRFNZDYHDWWKHOHYHO·*3D>@
7KH HIIHFW RI WKH VKRFN ZDYH LQLWLDWHG E\ ODVHU SXOVHV LV DSSDUHQWO\ QRW HQRXJK IRU WKH IRUPDWLRQ RI FU\VWDO
QDQRVWUXFWXUHVDQGPLFURVWUXFWXUHV7KHKLJKWHPSHUDWXUHUHTXLUHGIRUV\QWKHVL]LQJFDUERQFU\VWDOV/DVHULQGXFHG
RYHUKHDWLQJRIWKHVXEVXUIDFHOD\HURIPDWHULDOSURYLGHVWKHUHTXLUHGWHPSHUDWXUH>@,QWKLVFDVHDORFDOOD\HU
RIDOLTXLGFDUERQLVIRUPHGDWDKLJKSUHVVXUHWKDWFUHDWHVWKHSRVVLELOLW\RIV\QWKHVL]LQJFDUERQFU\VWDOV
7KH IRUPDWLRQ RI FU\VWDOV XQGHU WKH VXUIDFH OD\HU RI JUDSKLWH VDPSOHV DOVR FRQILUPHG E\ D QXPEHU RI 6(0
LPDJHVRISURFHVVHGE\IHPWRVHFRQGODVHUUDGLDWLRQVXUIDFHRIDFDUERQWDUJHWV)RUH[DPSOHLWFDQEHVHHQLQILJ
ZKHUHUHVLGXHVRIWKHVXUIDFHOD\HUFORVHVRPHFU\VWDOVDQGVSDFHDURXQGWKHP5HPRYDORIWKHVXUIDFHOD\HUFDQQRW
EH DVVRFLDWHGZLWK WKH WUDGLWLRQDO ODVHU DEODWLRQ ,Q WKLV FDVH PDWHULDO PXVW EH UHPRYHG IURP WKH HQWLUH VXUIDFH
ZLWKLQWKHODVHUVSRW7KHUHPDLQLQJSRUWLRQVRIWKHVXUIDFHOD\HULQGLFDWHWKDWLWVUHPRYDOKDVPRUHQRQVWDWLRQDU\
FKDUDFWHU6XEVXUIDFHSKDVHEXUVWPD\KDYHVXFKFKDUDFWHU
7KHWKLFNQHVVRIWKHUHPRYDOPDWHULDODWDSKDVHEXUVWLVVPDOO7KHV\QWKHVL]HGFU\VWDOVDUHUHJLVWHUHGE\HOHFWURQ
PLFURVFRSHWKURXJKUHPQDQWVRIOD\HU,WLVSRVVLEOHLIWKHWKLFNQHVVRIWKHUHPDLQLQJOD\HULVPXFKVPDOOHUWKDQWKH
HOHFWURQPHDQIUHHSDWKLQWKHJODVV\FDUERQ7KXVWKLFNQHVVRIWKHUHPDLQLQJOD\HUFDQEHHVWLPDWHGRQWKHEDVLVRI
WKHIRUPXOD.DQD\D2ND\DPD>@
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ZKHUHRLVHOHFWURQSDWKOHQJWKPELVHOHFWURQHQHUJ\NH9ȺLVWKHPRODUPDVVJPROZLVDWRPLFQXPEHUȡ
LVGHQVLW\RIWKHPDWHULDOJFP
,QRXUFDVHWKHUHVXOWVRILQWHUDFWLRQRIODVHUUDGLDWLRQZLWKJODVV\FDUERQLQYHVWLJDWHGZLWKDVFDQQLQJHOHFWURQ
PLFURVFRSH4XDQWD'DWDQHOHFWURQHQHUJ\RINH97KHGHQVLW\RIWKHJODVV\FDUERQȡ JFPDQGLWV
PRODUPDVV$ JPRO$VNQRZQFDUERQDWRPLFQXPEHU= 7KHQWKHFDOFXODWHGRQWKHEDVLVRIWKHIRUPXOD
.DQD\D2ND\DPDHOHFWURQSDWKOHQJWK5 ȝPDQGWKHWKLFNQHVVRIWKHUHVLGXDOOD\HUFDQEHHVWLPDWHGDWOHYHO
ȝPRUOHVV
'LUHFWPHDVXUHPHQWRIWKLFNQHVVRIWKHVXUIDFHOD\HUZKLFKLVUHPRYHGDWWKHSKDVHEXUVWLVQRWDQHDV\WDVN7KLV
SUREOHPFDQEHVROYHGRQWKHSHULSKHU\RIWKHVSRWRIWKHODVHUH[SRVXUHZKHUHWKHUHDUHDUHDVLQZKLFKVXFKDOD\HU
IURPRQHVLGHWRUQRIIDQGRQWKHRWKHUVLGHKDVDFRQQHFWLRQZLWKWKHPDLQWDUJHWPDWHULDO6(0LPDJHRIVXFKDUHD
LV VKRZQ LQ ILJ  7KLV ILJXUH VKRZV WKDW WKH OD\HU RI JODVV\ FDUERQ ZKLFK LV WRUQ DZD\ DW SKDVH EXUVW KDV D
WKLFNQHVVRIDERXWQP

 
)LJ7KHFU\VWDOVZKLFKZHUHV\QWKHVL]HGDWWKHJODVV\FDUERQ
VXUIDFH
)LJ5HPDLQVRIWKHVXUIDFHOD\HUZKLFKLVUHPRYHGDWWKH
SKDVHEXUVW
&RQFOXVLRQ
7KXV WKH SURSRVHG WHFKQLTXH HQDEOHV WR HIILFLHQWO\ LPSOHPHQW WKH QDQRVWUXFWXUL]DWLRQ RI YDULRXV JUDSKLWL]HG
FDUERQPDWHULDOV9DULRXV W\SHVRIQDQRVWUXFWXUHVFDQEHREWDLQHGGHSHQGLQJRQ WKH LQWHQVLW\RI WKH IHPWRVHFRQG
ODVHU UDGLDWLRQ7KHUHDUHFDUERQQDQRSHDNVJUDSKHQHVWUXFWXUHVDQGRWKHUV,QDGGLWLRQ WKLVPHWKRGSURYLGHV WKH
SRVVLELOLW\ WRREWDLQQHZFU\VWDOOLQH FDUERQ IRUPVRIERWK DQDQRPHWHU DQGPLFURPHWHU VL]HV7KLV IHDWXUHRI WKH
PHWKRG DOORZV WR SURYH WKH H[LVWHQFH DQG LQYHVWLJDWH WKH W\SHV RI FDUERQ VWUXFWXUHV ZKLFK DUH FXUUHQWO\ RQO\
WKHRUHWLFDOO\ SUHGLFWHG DQG FRQVLGHUHG PHWDVWDEOH DV ZHOO DV WR H[SHULPHQWDOO\ GLVFRYHU QHZ WKH W\SHV RI DQG
YDULDWLRQVRIFDUERQFU\VWDOV
$FNQRZOHGJHPHQWV
7KLVVWXG\ZDVSHUIRUPHGDVSDUWRIWKHVWDWHWDVN9O68WRSHUIRUPVWDWHZRUNVLQWKHILHOGRIVFLHQWLILF
VWXGLHVDQGJUDQWRIWKH5XVVLDQ)RXQGDWLRQIRU%DVLF5HVHDUFK
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